This paper presents an example where the morphology of a single stellar stream can be used to rule out a specific galactic potential form without the need for velocity information. We investigate the globular cluster Palomar 5 (Pal 5), which is tidally disrupting into a cold, thin stream mapped over 22 degrees on the sky with a typical width of 0.7 degrees. We generate models of this stream by fixing Pal 5's present-day position, distance and radial velocity via observations, while allowing its proper motion to vary. In a spherical dark matter halo we easily find models that fit the observed morphology. However, no plausible Pal 5 model could be found in the triaxial potential of Law & Majewski (2010) , which has been proposed to explain the properties of the Sagittarius stream. In this case, the long, thin and curved morphology of the Pal 5 stream alone can be used to rule out such a potential configuration. Pal 5 like streams in this potential are either too straight, missing the curvature of the observations, or show an unusual morphology which we dub stream-fanning: a signature sensitive to the triaxiality of a potential. We conclude that the mere existence of other thin tidal streams must provide broad constraints on the orientation and shape of the dark matter halo they inhabit.
INTRODUCTION
Simulations of large-scale structure formation suggest that all galaxies lie within triaxial dark matter halos (e.g., Bullock 2002) . The Milky Way (MW) offers a unique perspective on this problem as it is the one galaxy not seen in projection and therefore the one galaxy where we can measure the true 3D shape and orientation of a dark matter halo. However, constraints from observations on the shape of the Milky Way's dark halo remain uncertain and inconsistent.
The distances, radial velocities, and positions of stars in the Sagittarius stream provide a rich data set to use to probe our dark matter halo. Law & Majewski (2010) (LM10) were the first to attempt modeling the MW including a fully triaxial dark matter halo using the data that were then available. Their best-fit halo model predicts an almost oblate dark matter configuration oriented perpendicular to the Galactic disk. However, concerns have been raised questioning the validity of the LM10 potential: i) Debattista et al. (2013) showed that the orientation of the halo in this model could not host a stable disk; ii) Ibata et al. (2013) suggested that it is possible to approximately reproduce the spatial and kinematic structure of the Sagittarius stream without introducing triaxiality to the dark matter halo component (although their paper does not include a quantitative assessment that their model fitted the data as well as the LM10 simulation); and iii) Belokurov et al. (2014) demonstrated that the LM10 model fits neither the extent nor the precession angle between successive apocenters in a newly found part of the Sagittarius stream. A solution to the spearson@astro.columbia.edu 1 Department of Astronomy, Columbia University, New York, NY 10027, USA 2 Hubble Fellow first part of the problem was proposed by Vera-Ciro & Helmi (2013) : by introducing a transition from an oblate halo at small radii to a triaxial LM10 halo on larger scales, a potential could be obtained that could host both the Sagittarius stream and the Galactic disk. However, there
is not yet a model that successfully reproduces the full data set (i.e. including the more recent evidence for Sagittarius material extending out to Galactocentric distances of more than 100 kpc found by Belokurov et al. (2014) ), in its entirety.
3 For this reason it is important to test any suggested potential form with other streams than just the Sagittarius stream.
In this article, we look at the tidal stream originating from Palomar 5 (Pal 5), a globular cluster currently at the apocenter of its orbit, 23.6 kpc from the Sun (Dotter et al. 2011 ). Pal 5 is orbiting the MW at a much smaller radius than Sagittarius and thus serves as a probe of the shape of the MW in a different region of the Galaxy. Pal 5's tidal stream was first discovered by Odenkirchen et al. (2001) and was subsequently mapped over 22 degrees on the sky (Grillmair & Dionatos 2006 ) with a typical width of 0.7 degrees (Odenkirchen et al. 2003; Carlberg et al. 2012) .
In what follows, we explore what the morphology of Pal 5's tidal tails can tell us about the gravitational potential of the MW by using a combination of restricted three-body models and N -body simulations. Our model streams are simulated in two different Milky-Way-like potentials consisting of a disk and bulge embedded within a dark matter halo that is either spherical or triaxial in shape. We show that in a LM10-like halo configuration, our simulated Pal5 streams can-not match the thin, "S"-shape and curved morphology of the observed stellar density: they are either too straight or exhibit a broad morphology which we dub streamfanning. Thus the thin and curved morphology of Pal 5 alone has given us a fast and simple way to check if this particular potential form is realistic. The broader implication of this simple test is that the mere existence of many such thin streams at different distances and orientations around our Galaxy can rule out other classes of triaxial potentials.
In Section 2, we describe the methods used to simulate the morphology of Pal 5's tidal tails. In Section 3 we compare the streams produced in streakline models and N -body simulations to observed data within the two test-potentials. We first do a comparison to overdensities of Pal 5 stars from SDSS only, then include radial velocities of Pal 5 stars in the fit. In Section 4.1, we investigate further possible parameter variations, and we discuss possible origins of stream-fanning in Section 4.2. We conclude in Section 5.
METHODS
In this work we compare two different trial galactic potentials having either a spherical or triaxial dark matter halo, which we introduce in Section 2.1. In Section 2.2 and 2.3, we describe how the most likely orbit within a given potential is found through a comparison of streakline model streams with observational data. We then describe the N -body simulations used to illustrate our results in Section 2.4.
Form of the Galactic potential
In our streakline and N -body simulations, the potential of the MW is computed consisting of a disk and bulge embedded within a dark matter halo that is either spherical or triaxial in shape. We approximate the baryonic component of the MW using a Miyamoto & Nagai (1975) disk (M disk = 10 11 M , a = 6.5 kpc, b = 0.26 kpc), and a Hernquist spheroid for the bulge (M bulge = 3.4 × 10 10 M and c = 0.7 kpc) (Hernquist 1990 ). This parametrization of the Galactic disk and bulge was chosen for computational simplicity and is used widely in the literature. More realistic forms of disk and bulge have been proposed by, e.g., Dehnen & Binney (1998) , however, our focus lies on the comparison of our models to the previous work of LM10. For the dark matter component we use two different halo potential forms:
1. Triaxial dark matter halo: following LM10, we parametrize the halo potential as
(2)
where we use the exact same parameters for the triaxial dark matter halo as LM10. That is, the We used the over-dense regions marked as orange points to asses the likelihood of our Pal 5 streakline models (Balbinot et al. 2011, Küpper et al., in prep.) .
rotation angle of the x-axis around z from the SunGalactic center line is φ = 97 deg, the ratios between where the equipotential contours intersect the x/y and z/y axes are q 1 = 1.38, q z = 1.36 respectively. q 2 = 1.0 by definition, v halo = 121.9 km/s and r halo = 12.0 kpc.
2. Spherical dark matter halo: we use the same potential form as above for the spherical halo potential (Equation 1), but now q 1 = 1.0, q 2 = 1.0 and q z = 1.0.
The rotation curves of these two galactic potentials match the overall shape of observed MW rotation curves (cf. Sofue 2013; Irrgang et al. 2014) . In this configuration, the Sun sits at R = (−8.3, 0, 0) kpc, with a velocity of V = (11.1, 258.1, 7.3) km/s (Gillessen et al. 2009 , Schönrich et al. 2010 , Reid et al. 2014 .
2.2. The Streakline method To create model streams along a given orbit in a specific potential, we use the streakline method outlined in Küpper et al. (2012) , Lane et al. (2012) , Bonaca et al. (2014) and Küpper et al. (in prep.) , which is closely related to the methods used in Varghese et al. (2011) and Gibbons et al. (2014) . Bonaca et al. (2014) demonstrated that the streakline method is a computationally efficient way of generating realistic streams that match the morphology of much more time-consuming full N -body models. Streakline models are restricted three-body models of tidal streams: the dissolution of a star cluster due to the tidal field of its host galaxy is approximated by a "star-cluster particle" orbiting within an analytic galaxy potential that releases test particles at a given time interval. The test particles are then integrated together with the cluster particle within the background potential. The test particles do not interact with each other, which makes the streakline method very fast. However, the gravitational attraction of the cluster particle on the released test particles is included, which was shown to be of importance for reproducing the morphology and length of streams from full N -body models Gibbons et al. 2014) . For simplicity, the cluster particle is represented by a smoothed point mass with a smoothing length of 20 pc, which is of the order of Pal 5's half-light radius (Odenkirchen et al. 2003 ).
Our streakline model assumes that stars escape from the cluster at the tidal radius (King 1962) ,
at a constant rate. Here, M (t) is the mass of the cluster at time t (the final, i.e. present-day, mass is M = 15000M ; Küpper et al., in prep.) , Ω is the instantaneous angular velocity of the cluster with respect to the galactic center, Φ is the galactic potential, and R is the cluster's current galactocentric distance. To introduce some scatter into these idealized escape conditions, we apply a random Gaussian spatial offset with a width of 0.25 × r t around the Lagrangian points at the time of escape Bonaca et al. 2014; Gibbons et al. 2014) . The stars are given velocities matching the angular velocity of the cluster plus an additional random Gaussian velocity offset with a dispersion of 1 km/s, comparable to the velocity dispersion of the cluster. Furthermore, we assume that the cluster itself has a constant mass loss rate of 8 M per Myr, which was chosen based on N -body simulations of the cluster (Küpper et al., in prep.) . However, we found that changing this mass loss rate has little to no effect on the results. From the six phase-space coordinates that determine Pal 5's orbit, we fix the sky position (RA = 229.0
• , Dec = -0.111
• ), the radial velocity (v r = -58.7 km/s; Odenkirchen et al. 2002) , and the distance 4 (d = 23.6 kpc; Dotter et al. 2011) . Hence, the only free parameters are the two proper motion components, which we vary in order to find the most likely orbit in each potential. For a given choice of phase-space coordinates, we integrate the orbit backwards for 6 Gyr and subsequently integrate it forward again while producing the streakline model. After releasing test particles uniformly in time from the Lagrange points and integrating them to the present day, we compare the test particle distribution to the observations and asses the likelihood of the respective model.
Comparison to observational data
For a given orbit within a specific potential, we compare the streakline models to 24 over-dense regions of color-selected Pal 5 stream stars shown in Figure 1 (Balbinot et al. 2011, Küpper et al., in prep.) . These regions were found through a Difference-of-Gaussians process, in which a matched-filter map of Pal 5 from SDSS data is smoothed with a small and a large Gaussian kernel, and the two maps are subtracted from each other. On the residuals map an extended-source finder algorithm like SExtractor (Bertin & Arnouts 1996) is run (see Koposov et al. 2008 and Küpper et al., in prep., for details) . The locations shown in Figure 1 give the barycenters of extended, over-dense regions, which stood out by at least 3σ above the random fluctuations in the residuals map. These over-densities give the regions with the highest local probability of finding Pal 5 stars, and hence we require our models to go through these points.
Our comparison of the models to the observed overdensities is based on the framework developed in Hogg et al. (2010) and Hogg (2012) , and applied to Pal 5 in Küpper et al. (in prep.) . We use a likelihood of the form:
∆d 2 + ∆ (6) Here N OD is the number of over-densities, d ij is the distance from each model point to the j-th over-density, ∆d is the uncertainties in the barycenter positions of the over-densities, determined from the extended-source finding algorithm (SExtractor) and ∆ is a numerical constant set to ∆ = 10 −5 . This constant allows each over-dense region to not be a part of the stream by limiting its contribution to the likelihood to a minimum value. The maximum likelihood streakline model maximizes the density of model points around the observed over-densities from SDSS.
Here we do not assume or imply anything about the origin of these over-densities. However, it has been shown that over-densities in tidal tails can be produced by epicyclic motion of stars evaporating from star clusters (Küpper et al. 2010 ). This may indeed be the origin of some of the over-densities closer to the cluster itself; for example, Mastrobuono-Battisti et al. (2012) have shown that tidal tails of Pal 5-like clusters in fact show significant over-densities. Other possible explanations for inhomogeneities in tidal streams are variations in the mass loss rate, perturbations by dark matter subhalos, or variations in the depth of the observed data (e.g., Ngan & Carlberg 2014) . However, the primary purpose of our likelihood function is to assess the alignment of our generated models with the observed streams. An alternative approach would be to instead measure the smallest distance of each point from the centroid of the stream, but this effectively assumes that the density along the stream is constant. For a detailed analysis of the differences between these two different methods see Küpper et al. (in prep.) .
We also make use of kinematic data from the literature. Odenkirchen et al. (2009) measured 17 radial velocities of stars in Pal 5's tidal streams. When these are included in the assessment of the likelihoods, the full likelihood is:
where ln L is the log-likelihood (LL) and L vr has the same form as Equation 6, but includes a comparison between the radial velocities of our models with the 17 radial velocities observed for Pal 5. We have fixed all potential parameters in both potentials, and can thus compare the likelihoods between the two potential forms by first using the over-densities only (Equation 6 ) and then using both over-densities and radial velocities (Equation 8).
N -body simulations
We construct N -body model streams of Pal 5 by using the collisional N -body code Nbody6 (Aarseth 1999, 2003). Nbody6 is GPU-enabled, which allows us to compute realistic Pal 5 model streams on a star-by-star basis over several Gyr within a day (Nitadori & Aarseth 2012) .
To set up the initial cluster conditions for Pal 5, we use the publicly available code McLuster 5 (Küpper et al. 2011) . The initial number of stars is set to N = 65536 with stellar masses of 0.4 M , following a Plummer density profile (Plummer 1911) . We fix the radial velocity, present-day sky position and present-day distance of Pal 5 to the observationally constrained values specified in Section 2.2. We determine the two proper motion components of the cluster by exploring the streakline model streams described in Section 2.2 and 2.3. For each setup, we ran a number of N -body models with initial half-mass radii in the range 10-20 pc for 6 Gyr, and picked the model with a final cluster mass close to Pal 5's presentday mass of about 15,000 M (Küpper et al., in prep.) . These models will be discussed in the following Section.
5 https://github.com/ahwkuepper/mcluster
RESULTS
Using the procedure outlined in Section 2, we examine the morphology of Pal 5 in the spherical and the triaxial LM10 halo potentials. We first run streakline models over a grid of reasonable proper motions in each potential for 6 Gyr, where we assess our likelihoods by comparing to over-densities in Pal 5 only (Equation 6 ). The results from this analysis are shown in the two left panels of Figure 2 .
We find that the maximum likelihood cluster properties in the spherical and triaxial cases correspond to very different proper motions, when we calculate the likelihood from Equation 6: (µ δ , µ α cos(δ)) = (-2.35, -2.35) and (-3.7,-5.0) mas yr −1 , respectively. These give transverse velocities of v tan = 123 km/s (spherical) and v tan = 449 km/s (triaxial) in the Galactic rest frame. Moreover, the LL for the most likely proper motions in the spherical case (LL = -45) is much more strongly peaked with a value considerably higher than in the triaxial case (LL = -82). We visualize these results with N -body simulations evolving along the most likely orbit in the spherical and triaxial LM10 potentials shown in the right column of Figure 2 . The N -body particles are over-plotted on the density contours of color-selected Pal 5 member stars from SDSS (blue). It is evident that the model stream in the LM10 potential does not fit the data well (bottom right). For this particular model the cluster is moving very fast, v tan = 449 km/s, and is on a highly eccentric orbit. It has recently been tidally shocked and has lost a substantial amount of mass, which can be seen as a dense cloud surrounding the cluster. It clearly does not follow the observed "S"-shape (see zoom in of cluster center), nor the overall curvy morphology of the tails. Instead, the best fit model appears more like a straight line through the data points, which explains why the LL is much lower. Figure 3 shows a comparison of the simulated model streams with the line-of-sight velocities (Odenkirchen et al. 2009 ). The left panel shows the spherical model points, which fit the observed velocities very well even though the proper motion was chosen to match morphology alone. However, the same is not true for the triaxial LM10 case where there is a much stronger velocity gradient in opposite sense to that observed.
Motivated by the discrepancy in velocities in the triaxial case, we repeat the experiment of finding the most likely configuration of proper motions while now also comparing the streakline model streams to observed radial velocities from Odenkirchen et al. (2009) (Equation 8 ). In the spherical case the most likely streakline model yields the same values for the two proper motion components as found in Figure 2 .
The left panel of Figure 4 shows the results of the parameter space search for the triaxial case. A large discrepancy is still found between the values of the LL in the spherical case (LL = -124) and triaxial case (LL= -180) when we include the radial velocities to our assessment of the likelihood (Equation 8). The right panel of Figure  4 shows that an N -body simulation of the most likely configuration of proper motions in the LM10 potential (where (µ δ , µ α cos(δ)) = (-2.15, -2.4) mas yr −1 ) yields a significantly better fit to the gradient of the line-of-sight velocities and v tan = 116 km/s. However, the middle panel of Figure 4 demonstrates that the morphology of Pal 5's tidal tails is a poor match to the density contours of SDSS. This explains the difference in the LL between the spherical and triaxial case: the stream appears to "fan" out as the debris moves away from Pal 5. Moreover, this stream-fanning explains why this particular proper motion configuration was strongly disfavored when considering morphology alone. In summary, in the spherical potential, model streams can easily be found that match the morphology of the Pal 5 stream and these coincidentally fit the observed line-of-sight velocities. In contrast, the best fit model streams to the morphology in the triaxial potential are much poorer, have a higher transverse velocity (in the following referred to as "high-velocity" models), and are inconsistent with observed line-of-sight velocities. Model streams in the triaxial potential that match the lineof-sight velocities have similar proper motions to the spherical case, but have fanned density distributions that are inconsistent with observations (referred to as streamfanning models).
However, it is important to note that even if we didn't have the 17 radial velocities along the Pal 5 stream from Odenkirchen et al. (2009) , we would still have concluded (from the large discrepancy in LL) that the much simpler spherical halo yields better fits to the SDSS data.
DISCUSSION

Exploring the parameter space further
In this Section we test whether any unexplored dimensions of parameter space could change the results of Section 3:
1. Surface density: we have assumed that all parts of our model streams would be observable, whereas in reality the observations could be showing us only the densest parts of the stream. For example, the fanned parts of the streams might not be observable in the SDSS density map due to foreground/background contamination.
2. Integration time: in some cases the extent of our model streams do not span over the full extent of the observations. For example, if the fanned parts of the streams are excluded in our model streams, the densest parts could look like thin streams, however for our original choice of a 6 Gyr integration time the model streams are too short to trace the extent of the observations. A longer integration time might lead to longer model streams.
3. Cluster distance: as we observe the streams in projection, the apparent curvature might change if Pal 5's present-day distance was varied. For example, the preference of the "high-velocity" models in the triaxial case leads to a lack of curvature in these model streams due to the proximity to perigalacticon of the stream at this point in phase space.
To address these three concerns we ran one additional grid of streakline models in the triaxial LM10 potential, where we explored these three dimensions in addition to allowing proper motion to vary: (1) we applied density cuts based on the surface density around each streakline model point, calculated using a Gaussian density kernel with a width of 1 degree, where we included 100%, 75%, 50% and 25% of the most dense regions of the streams, (2) we ran the streakline models for seven different integration times (4, 5, 6, 7, 8, 9 and 10 Gyr), and (3) we tested various distances (22.6, 23.1, 23.6, 24.1 and 24.6 kpc) to Pal 5 based on the observational uncertainties (Dotter et al. 2011; Dotter private communication) . For all combinations of these parameters, the highest likelihood proper motion configuration was close to the "high-velocity" models. However, the LL of the secondary, stream-fanning peak was more prominent when density cuts were applied. Figure 5 illustrates the success and limitation of the stream-fanning model by plotting the most likely model configuration ((µ δ , µ α cos(δ)) = (-2.25,-2.5) mas yr −1 , 50% density cut, t = 9 Gyr, d = 23.1 kpc, LL = -83) from the newly explored grid. It is evident that the dense parts of the streams provide a better fit to the SDSS density map. However, this configuration of proper motions does not yield a long, thin stream that could fit the extent of the observational coverage from the SDSS density map, even when the fanned parts of the streams are excluded. Hence, the stream-fanning peak model still fails to produce a stream that matches the observational data. Figure 6 summarizes the remaining exploration over integration time and various distances. The LL of the most likely streakline model is plotted as a function of distance for both the spherical potential and LM10 potential for various integration times. There are no significant changes in the values of the likelihoods with distance. Moreover, it is clear that the stream models in the spherical potential yield much higher values for the likelihoods.
Other parameters that remain unexplored are the assumed density profile of our cluster (we used a smoothed point-mass for the cluster particle in the streakline models) and exploring different velocity properties of the ejected stars. As we are mainly concerned about the morphology of the streams on large scales, where the stars' motions are dominated by the gravitational potential of the galaxy, and since we are mainly interested in the coldest part of the stream, which are given through the over-densities and produced by low-velocity escapers, we do not explore these parameters here.
Conclusively, these new explorations confirm our findings from Section 3: the morphology of Pal 5's tidal tails cannot be reproduced in the triaxial LM10 potential.
Discussion of stream-fanning
As we have shown, it is not possible to produce a thin and curved stream like Pal 5 in a LM10 potential configuration. The streams are either too straight as the cluster is moving at a very high velocity, or, as the cluster velocity is reduced and the stream gets more curvy, it starts to fan out. In this Section, we discuss some tests we have done to provide more information about the process.
We first check the eccentricity of the orbit. In the triaxial case, Pal 5 could simply be on a significantly more eccentric orbit, which could make its stream appear more as a cloud than a stream (see e.g. Johnston et al. 2008) . However, it is important to note that the orbital parameters such as eccentricity (e) and apocenter distance Rapo+Rperi . We next investigate the orbital classes of the streamfanning model orbits to see whether these orbits are loop or box orbits. Regular loop orbits preserve a sense of rotation about the long or short axis of the potential, whereas box orbits may approach close to the center of the potential and have (on average) smaller pericenters, both of which would affect the disruption of the cluster and subsequent evolution of the debris.
To explore the orbits around the stream-fanning region in LM10, we investigate a grid from µ δ −2.0 to −2.3 mas yr −1 and µ α cos(δ): −2.3 to −2.55 mas yr −1 (see left panel of Figure 4 ) with step sizes of 0.05 mas yr −1 , while fixing v r = -58.7 km/s, d = 23.6 kpc and t = 6 Gyr. The streams from these initial conditions were all fanned. These orbits have v tan = 100 -137 km/s. To determine the orbital class of each orbit from the investigated grid, we check for a sign change in the angular momentum about any of the coordinate axes. We find that all orbits in the stream-fanning region preserve the sign of their angular momenta which suggests they are on loop orbits. An additional test was made by integrating all the final cluster particle positions in the fanned tails from Figure 4 backwards in LM10 for 6 Gyr. All of these particles were also on loop orbits.
Another possibility is that the debris is fanned in LM10 due to Pal 5 and its debris being on chaotic orbits. That is, if Pal 5 was on a chaotic orbit, the orbits of debris stars could diverge significantly from the cluster's trajectory (an example of this was shown in Figure 11 of Fardal et al. (2014) ). To check if the stream-fanning of Pal 5 in LM10 is due to chaos, we measure the Lyapunov spectrum (e.g. Froeschlé et al. 1997; Skokos 2010 ) of the cluster orbit for each orbit in the stream-fanning grid. We use the maximum Lyapunov exponent, λ max , for an orbit to ask whether it is chaotic over a timescale comparable to the interaction time of the cluster with the host potential. We do this by measuring the Lyapunov time:
We find that some orbits are stochastic, but have Lyapunov times 20 Gyr (e.g., many times the integration time of any of the stream models above). Finally, we attempt to compute the Hessian of the Hamiltonian for this potential in action-space, evaluated at the orbit of the cluster. For a thin stream to form, the Hessian should be dominated by a single eigenvalue (see, e.g., Bovy 2014; Sanders & Binney 2013), however since the fanned debris is instead spread over two dimensions, we aim to check whether the Hessian along Pal 5's orbit is instead dominated by two eigenvalues of comparable magnitude. To convert from phase-space to action-angle coordinates, we use the algorithm and code from Sanders & Binney (2014) . We find that for and around the stream-fanning orbit of Pal 5, action-angle solutions cannot be found. This could be an indication of chaos, but the long Lyapunov times indicate that perhaps a different mechanism is at play. When investigating the time variability of the "toy actions" -which, in the method of Sanders & Binney (2014) are modeled as a Fourier series expansion in a combination of the target actions, generating function, and toy angles -we find that there are many prominent "spikes" that correspond to the orbit passing through the midplane of the disk po-tential. The transformation to action-angle coordinates is failing due to the non-adiabatic forcing of the disk potential, however it is unclear whether this is a failure of the method or because the disk potential is destabilizing the orbit itself and making it more irregular (where actions do not exist). Thus, we are unable to compute the Hessian.
From our preliminary investigation, we conclude that the Pal 5 stream in LM10 does not appear to be fanned due to Pal 5 being on an orbit that takes it closer to the Galactic center either due to high eccentricity or box orbits, nor due to Pal 5 being on a chaotic orbit in LM10. We additionally note that we have tried and failed to use the machinery of Sanders & Binney (2014) to compute actions and angles for the stream-fanning orbit. Thus, the origin of stream-fanning remains uncertain. We are currently studying this phenomenon and postpone a more thorough exploration of its origin to our forthcoming work (Price-Whelan et al. 2014, in prep) .
CONCLUSION
In this paper we used the thin and curved morphology of the Pal 5 stream alone (without the need for additional dimensions of information) to rule out the triaxial shape of the Galactic halo potential as suggested by Law & Majewski (2010) . That the Galactic halo potential is not of the form suggested by Law & Majewski (2010) is not very surprising or new, as the LM10 potential has been pointed out to have several issues (see Section 1). However, we found that models evolved along Pal 5-like orbits in this particular triaxial potential generally exhibited an unusual morphological signature -which we dubbed stream-fanning.
There are several examples already in the literature where morphology alone has been used to rule out certain forms of the Galactic potential. For example: the degree of alignment of the tails from Sagittarius along a single great circle was used to discuss how far from spherical the Galaxy's potential might be (Ibata et al. 2001; Johnston et al. 2005; Fellhauer et al. 2006); Lux et al. (2012) showed that the path of the 45 degree long stream associated with the globular cluster NGC 5466 was incompatible with spherical or prolate halo models of a variety of parametric forms; and (as mentioned in the introduction) the precession angle between successive apocenters traced by Sagittarius' debris has been interpreted as an indicator of the radial density profile of the dark matter halo Gibbons et al. 2014) .
The discovery of stream-fanning as a phenomenon sensitive to the triaxiality of the mass distribution adds a new approach to this toolkit of potential measures. We already know of many other thin streams at different radii and orbiting with different orientations throughout the Milky Way that could be investigated using this new approach (e.g., NGC 5466 (Grillmair & Johnson 2006) , GD-1 (Grillmair & Dionatos 2006) , Orphan (Belokurov et al. 2007 , Casey et al. 2013 , Acheron, Cocytos, Lethe, Styx (Grillmair 2009 ), Triagulum (Bonaca et al. 2012) , Ophiuchus (Bernard et al. 2014) ), and fainter streams are likely to be discovered in the future. Mapping these even more distant structures in velocity can only be more challenging. While the origin of stream-fanning is still under investigation (Price-Whelan et al. 2014, in prep) , this first study of Pal 5 indicates the promise of using the absence of stream fanning in observed streams as a means to rule out classes of potentials. Collectively, the existence and location of these thin streams should provide broad but powerful constraints on the shape of the MW potential on large scales.
